Reiterative Use of the EGF Receptor Triggers Differentiation of All Cell Types in the Drosophila Eye  by Freeman, Matthew
Cell, Vol. 87, 651–660, November 15, 1996, Copyright 1996 by Cell Press
Reiterative Use of the EGF Receptor
Triggers Differentiation of All Cell Types
in the Drosophila Eye
Matthew Freeman the eye imaginal disc, from which point a furrow sweeps
across the disc, leaving a trail of ommatidial rows in itsMRC Laboratory of Molecular Biology
Hills Road wake. Within each ommatidium, the eight photorecep-
tors differentiate in a strict sequence: first R8, then R2Cambridge CB2 2QH
United Kingdom and R5, then R3 and R4, then R1 and R6, and finally R7
(reviewed by Tomlinson, 1988). The cells are not clonally
related, which rules out their determination being based
on cell lineage but is consistent with a recruitment mech-Summary
anism (Lawrence and Green, 1979; Wolff and Ready,
1991). The cone cells are added soon after the photore-The Drosophila eye has contributed much to our
ceptors and the three classes of pigment cells in twoknowledge of cell differentiation. This understanding
waves later in pupal development (Cagan and Ready,has primarily come from the study of the R7 photore-
1989).ceptor; much less is known about the development of
DER has many functions in fly development, and nullthe other classes of photoreceptor or the nonneuronal
mutations are embryonic lethal (Baker and Rubin, 1989;cone or pigment cells. I have used a dominant-nega-
Clifford and Schupbach, 1989; Price et al., 1989;tive form of the Drosophila epidermal growth factor
Schejter and Shilo, 1989; Raz and Shilo, 1992, 1993;receptor (DER) to show that this receptor tyrosine ki-
Baumann and Skaer, 1993). Like Sevenless, it can acti-nase (RTK) is required for thedifferentiation of all these
vate the Ras signal transduction pathway (Diaz-Benju-cell types, and I have also shown that DER is sufficient
mea and Hafen, 1994). Its specific function in eye devel-to trigger their development. DER is even required in
opment is not clear. The dominant Ellipse (Elp) allelesR7, where it can replace Sevenless, another RTK.
of DER have defects in ommatidial spacing (Baker andThese results broaden our view of eye development
Rubin, 1989, 1992), while loss-of-function mutations in-to include the whole ommatidium and suggest that
dicate a role in photoreceptor formation (Xu and Rubin,reiterative activation of DER is critical for triggering
1993). Spitz, an activating ligand of DER, is required forthe differentiation of all cell types.
photoreceptor formation (Freeman, 1994b; Tio et al.,
1994).Introduction
I have used a dominant-negative form of DER, lacking
the cytoplasmic domain (DN-DER; E. Raz, M. Golembo,Receptor tyrosine kinases (RTKs) are key elements of
and B. Shilo, unpublished data), to study its function inmany developmental decisions in higher eukaryotes,
the eye. RTKs dimerize and transphosphorylate eachand the Drosophila eye is one of the systems that has
other upon activation (Ullrich and Schlessinger, 1990).proved useful in illuminating their function (for recent
The removal of the intracellular domain produces a dom-reviews, see van der Geer et al., 1994; Wassarman et
inant-negative function because receptor moleculesal., 1995). Each unit, or ommatidium, of the compound
without an intracellular tyrosine kinase domain can di-eye comprises eight different photoreceptors (R1–R8),
merize with wild-type receptors, but the dimer is unablefour lens-secreting cone cells, and eight pigment cells.
to signal (Herskowitz, 1987; Honegger et al., 1990;These cells develop in a strict sequence, and the differ-
Amaya et al., 1991; Kashles et al., 1991; Ueno et al.,entiation of photoreceptors is triggered by signals from
1991, 1992). By expressing DN-DER in the developingneighboring previously determined photoreceptors, a
eye after proliferation is complete, the consequencesprocess of “recruitment” into the growing ommatidium.
of DER loss can be examined without problems of cellSevenless and the Drosophila homolog of the epidermal
viability. I find that it is required for the determinationgrowth factor (EGF) receptor (DER) are two RTKs that
of all cells in the ommatidium, neuronal and nonneu-have been implicated in ommatidial development (refer-
ronal. DER is even needed in R7, where Sevenless isences include Tomlinson and Ready, 1986; Hafen et al.,
also required. I also show that DER is sufficient to recruit1987; Baker and Rubin, 1989; Baker and Rubin, 1992;
all ommatidial cell types, including R7, implying thatXu and Rubin, 1993; Freeman, 1994b; Tio et al., 1994).
DER mediates a central recruitment mechanism in theSevenless receives the signal to recruit the R7 photore-
eye. These results uncover an important strategy of om-ceptor, where it activates the Ras signal transduction
matidial development, the reiterated use of a commonpathway (reviewed by Zipursky and Rubin, 1994). The
trigger of differentiation.Ras pathway is needed in all photoreceptors (Simon et
al., 1991), and since Sevenless is not required in the
non-R7 cells, DER may be the activating receptor in Results
these cells (Xu and Rubin, 1993; Freeman, 1994b; Tio
et al., 1994). However, we understand little about what DER Is Required for the Determination
of All Photoreceptorstriggers the differentiation of the non-R7 photoreceptors
and even less about how the other cell types join the I expressed DN-DER (truncated 13 amino acids C-termi-
nal of the transmembrane domain; E. Raz, M. Golembo,ommatidium: for example, are they also recruited by
inductive interactions? and B. Shilo, unpublished data) in the developing eye
with the Gal4/UAS system (Fischer et al., 1988; BrandOmmatidial differentiation starts in the posterior of
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and Perrimon, 1993). I used three different Gal4 drivers.
The first, GMR-Gal4, is expressed in all cells behind the
morphogenetic furrow. The second, sev-Gal4, is ex-
pressed in a subset of ommatidial cells. Finally, HS-Gal4
is expressed ubiquitously, at low levels at 188C and at
high levels upon heat shock.
Expression of DN-DER in all cells behind the morpho-
genetic furrow causes complete loss of the adult retina
(Figures 1A and 1B). The earliest stages of photorecep-
tor recruitment appear normal, but removal of DER func-
tion in the presumptive photoreceptors blocks their re-
cruitment after the first two or three cells (R8, R2, and
R5) (Figures 1C and 1D), implying that DER is required
for photoreceptor determination. These groups of two
or three cells persist through the more mature parts of
the disc until they eventually die. A zone of cell death
is seen in the posterior of the imaginal disc, correspond-
ing to a time about 24–30 hr after the cells have failed to
be recruited (similar late cell death is seen in sevenless2
mutant discs, suggesting that failure to be recruited
can lead to later death). The phenotypes induced by
overexpression of DN-DER are rescued by also overex-
pressing wild-type DER in the same cells, implying that
the dominant-negative molecule does not act by se-
questering receptors other than DER (Figures 1E and
1F). When DN-DER is expressed at a high level in all
cells for only a brief period, under HS-Gal4, those photo-
receptors initiating development at that time are lost.
This leads to a dorsoventral stripe of ommatidia in which
some have a variable number of missing photorecep-
Figure 1. DER Is Required for Photoreceptor Determinationtors, and towards the posterior of this region there are
Scanning electron micrographs of a wild-type eye (A) and an eyesome cases in which they lack only R7 (Figure 1H). Sev-
from a fly expressing DN-DER under the control of GMR-Gal4 (B).
Gal4 drives DN-DER in the precursors of R3, R4, R1, Removal of DER function in the developing eye completely removes
R6, R7, and some nonneuronal cells. This expression the adult eye except for some remaining bristles.
causes the loss of most of these photoreceptors, often (C)–(F) show third instar imaginal discs stained with an antibody
against Elav, which recognizes developing neurons; the morphoge-including R7 (data not shown). These results all indicate
netic furrow is to the left. (C) is a wild-type disc, and the developingthat not only the outer photoreceptors, but also R7,
clusters can be seen at increasing stages of maturity towards therequire DER function. Because there are cases in which
right of the panel. A typical three-cell cluster (8, 2, 5) is indicated
only R7 is lost (Figure 1H), this requirement must be by a white arrow and a five-cell cluster (8, 2, 5, 3, 4) by a black
direct; it cannot be caused by loss of other photorecep- arrow. In (D), a disc expressing DN-DER under the control of GMR-
tors. Since R7 also requires Sevenless, this cell has a Gal4 is shown. Photoreceptor development is disrupted, and the
disc shows an overall disorganization; however, some normal-look-double requirement (see also Xu and Rubin, 1993). The
ing three-cell clusters can be found near the furrow (for example,respective roles of these two receptors is examined
black arrow). No further cells join these clusters in the more maturebelow.
regions of the disc. (E) and (F) show the rescue of the phenotype
when wild-type DER is coexpressed with DN-DER; two focal planes
of the same ommatidium show that all eight photoreceptors are
DER Is Required for the Recruitment present.
of Cone and Pigment Cells (G and H) Expression of DN-DER prevents R7 from forming. (G) A
section through a wild-type eye. An R7 cell is indicated; note theAs well as eight photoreceptors, each ommatidium com-
small cross-section of its rhabdomere, the dark organelle, and itsprises four cone cells and eight pigment cells (on aver-
central position in the ommatidium. (H) Expression of DN-DERunderage; some are shared with neighboring ommatidia;
the control of HS-Gal4 produces a stripe of ommatidia in which
Figures 2A and 2B). Expression of DN-DER in the pre- some have a variable number of missing photoreceptors; these
sumptive cone or pigment cells leads to them not differ- include examples in which only R7 is missing (example indicated
entiating (Figures 2C–2F). However, to demonstrate that by an arrow; compare with neighboring ommatidia and [G]).
DER is primarily required in these cells and that the
reduction in their number is not merely a secondary
consequence of there being fewer photoreceptors, I same regime leads to too few primary pigment cells
in clusters with normal photoreceptors and cone cellsasked whether a decrease in cone and pigment cells
occurred in ommatidia with a wild-type number of other (Figure 2E). Later heat shocks (Figure 2F) cause a reduc-
tion in secondary and tertiary pigment cells (the lastcells. This was done by inducing DN-DER at different
times with HS-Gal4. Figures 2C and 2D show that early cells to be added) around clusters in which all other cell
types are normal. The time at which each cell type ispupal heat shocks cause too few cone cells to form in
clusters with a full complement of photoreceptors. The sensitive to loss of DER function corresponds well with
EGF Receptor in the Fly Eye
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could cause overrecruitment of all these cells. Spitz has
a similar structure to some mammalian EGF receptor
ligands; it is a transmembrane domain protein but has
extracellular protease cleavage sites that allow a frag-
ment with an EGF repeat to be released (Rutledge et
al., 1992). Spitz appears to be an active ligand only in
its cleaved form (Freeman, 1994b; Schweitzer et al.,
1995b). I expressed both full-length Spitz and the extra-
cellular fragment in developing ommatidia. As in other
tissues, overexpression of membrane-bound full-length
Spitz has no effect on eye development (data not
shown).
Secreted Spitz is toxic when expressed under the
somewhat leaky Gal4 system, so adults never emerge.
To overcome this, I expressed it directly under the con-
trol of the eye-specific sevenless enhancer and pro-
moter (sev-sSpi). These flies have abnormal eyes, and
a few percent of ommatidia have ectopic outer photore-
ceptors and R7s (identification of R7s is based on their
characteristic size and position; Figures 3A and 3B).
Later, there is more dramatic overrecruitment of cone
and pigment cells in pupal retinas (Figures4A–4D). Since
most ommatidia have the normal numberof photorecep-
tors, the extra cone cells are not produced as a second-
ary effect; this implies that Spitz recruits them directly.
There is an anterior-to-posterior gradient of phenotype,
the posterior region being weaker, and here, some om-
matidia with a wild-type number of cone cells are found.
Around these, there are sometimes extra primary pig-
Figure 2. DER Is Required for Cone and Pigment Cells ment cells (Figure 4C), implying that Spitz can also di-
DN-DER was induced at different times in eye development with rectly recruit pigment cells. The phenotype of overex-
HS-Gal4 and stained with cobalt sulfide at 40 hr postpupariation. pressed Spitz is suppressed by halving the amount of
(A) and (B) show two focal planes of a wild-type ommatidium. (A) DER present (Figures 4E and 4F), implying that Spitz is
On the epithelial surface, the four cone (cc), two primary pigment
working through DER.cells (1), six secondary pigment cells (example marked with 2), and
I suspected that the weak effect of Spitz on photore-three tertiary pigment cells (example marked with 3) are visible; (B)
ceptors might be due to its expression under the sev-focusing below the surface allows one to see the eight photorecep-
enless enhancer being too late (it is expressed only in thetors (marked by asterisks).
(C) and (D) show two focal planes of an ommatidium in which DN- second half of the photoreceptor recruitment process).
DER was induced for 1 hr at 378C in the late third instar. (C) This Therefore, UAS-sSpi was also expressed earlier and
ommatidium has only two cone cells (c) but has a normal comple- more widely under the control of GMR-Gal4 and HS-
ment of eight photoreceptors (D), implying that the lack of cone
Gal4. These flies die as pupae and third instar larvae,cells is not a secondary consequence of photoreceptor loss.
respectively, but incipient photoreceptors can be ana-(E) is an example of primary pigment cell loss in a retina heat-
lyzed in their eye imaginal discs. GMR-Gal4–driven Spitzshocked at 378C four times for 30 min at 2 hr intervals starting at 8
caused extensive overrecruitment of photoreceptorshr postpupariation; two ommatidia with normal cone cells share a
single primary pigment cell. The retina in (F) received four 378C 30 (see Figure 3C), confirming that Spitz can trigger neu-
min heat shocks at 2 hr intervals starting at 24 hr postpupariation; ronal as well as nonneuronal cell types in the eye.
the secondary and tertiary pigment cells that comprise the lattice Larvae with low levels of ubiquitous Spitz, driven by
between ommatidia are greatly depleted, leading to neighboring
HS-Gal4 at 188C, struggle to survive to third instar. Thoseclusters touching each other. In this case, all the earlier formed cells
that do have extra neurons in the posterior of the discare normal.
(consistent with GMR-Gal4–driven Spitz) but have an(G) A timeline illustrating the approximate periods at which the differ-
ent cell types are sensitive to DN-DER; the times are shown as hours apparently normal morphogenetic furrow lying a few
after pupariation at 258C. cells anterior. In between, there is a region with no pho-
toreceptors (Figure 3D). It is not known how these discs
develop further, since the larvae all die. This phenotypethe start of its differentiation (Figure 2G; Cagan and
was not seen when Spitz was expressed only behindReady, 1989). These results imply that the development
the furrow by GMR-Gal4 or the sevenless enhancer, soof the cone and pigment cells requires DER and that
it must be caused by its early expression. Interestingly,they are recruited into the ommatidium by a similar
the dominant Elp alleles of DER have a related pheno-mechanism to the photoreceptors.
type; in homozygotes only a small number of ommatidia
develop (there are large regions of the disc with noSecreted Spitz Causes Overrecruitment
photoreceptors [Baker and Rubin, 1989, 1992]). Theseof All Cell Types in the Ommatidium
DER overactivation phenotypes support the idea thatThe discovery that DER is needed for the development
DER has a separate role in ommatidial spacing beforeof all ommatidial cells led me to examine whether over-
expression of Spitz, the activating ligand in the eye, its recruitment function.
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Figure 3. Overexpression of Secreted Spitz Recruits Extra Photore- Figure 4. Secreted Spitz Can Recruit Extra Cone and Pigment Cells
ceptors Cobalt-sulfide–stained pupal retinas from homozygous sev-sSpi 11
(A) and (B) are sections through the eye of a fly homozygous for flies.
sev-sSpi (line 11). Although most ommatidia have the normal com- (A and B) This ommatidium is typical; it has several extra cone cells
plement of photoreceptors, a few percent have one extra. The addi- (A) but a normal complement of eight photoreceptors, indicated by
tional photoreceptor can be either an outer (A) or an R7 (B); compare asterisks (B).
with Figure 1G. Morewidespread and earlier expression of UAS-sSpi (C) Some ommatidia with extra primary pigment cells surrounding
under the control of GMR-Gal4 gives a dramatic overrecruitment of the normal complement of cone cells are seen; this ommatidium
photoreceptors. (C) is a third instar imaginal disc stained with an also has eight photoreceptors (data not shown). These eyes have
antibody that recognizes the ubiquitous neural marker, Elav; the a marked anterior-to-posterior gradient of phenotype; (D) shows a
position of the morphogenetic furrow is marked. Instead of the region from the anterior where the phenotype is most severe. All
ordered recruitment seen in wild-type discs (Figure 1C), large clus- the cells appear to become cone cell–like, leaving none to adopt
ters of incipient photoreceptors occur. In the most mature (posterior) the later pigment cell fates. Intriguingly, this is very similar to the
region of the disc, the cells lose their Elav-staining, and their ultimate massive overrecruitment of cone cells that is seen in the posterior
fate is unknown. (D) When expressed under HS-Gal4, UAS-sSpi of argos2 eyes (Freeman et al., 1992b), although the gradients have
gives a complex eye phenotype, even without heat shock, presum- opposite polarities.
ably owing to low constitutive expression of Spitz. The posterior of (E and F) Halving the dose of DER suppresses the phenotype of
the disc (to the right) has clusters with extra photoreceptors; then sev-sSpi. (E) sev-sSpi/1, anterior; (F) sev-sSpi/flb1P02, anterior: the
there is a region with no photoreceptors, ahead of which there is a suppression is substantial, although there are still a few ommatidia
relatively normal morphogenetic furrow (indicated by an arrow). This with an extra cone cell (arrow). All aspects of the sev-sSpi phenotype
phenotype therefore has aspects of both known DER gain-of-func- are similarly suppressed by halving the dose of DER.
tion phenotypes in the eye: additional recruitment of photoreceptors
and also loss of entire ommatidia, as seen in Ellipsemutations (Baker
and Rubin, 1989). Activated forms of each receptor were used in which
the cytoplasmic domain was fused with an extracellular
domain from a constitutively active mutant of the TorsoThe Respective Functions of DER and Sevenless
RTK (Dickson et al., 1992; Reichman-Fried et al., 1994).The requirement for two RTKs in the R7 photoreceptor
This torsoD domain promotes ligand-independent di-(see above) is intriguing, since no other cell type has
merization (Sprenger and Nusslein-Volhard, 1992). It hassuch a double requirement. Given the widespread im-
been previously shown that the torDSev molecule canportance of RTKs, it would be interesting to understand
cause the overrecruitment of R7 cells, as expected, buttheir respective roles in this unusual situation. Sevenless
that it can also make additional outer photoreceptorsacts only through the Ras/MAP kinase pathway, as does
(Dickson et al., 1992; Figure 5D). I have found that theDER in the adult epidermis and wing (Fortini et al., 1992;
torDDER receptor behaves similarly to the torDSev recep-Brunner et al., 1994; Diaz-Benjumea and Hafen, 1994).
tor (although the former is slightly less potent). WhenHowever, the double requirement in R7 raises the formal
overexpressed under the sevenless enhancer or thepossibility that in the eye, DER might activate other
heat-shock promoter, torDDER causes extra recruitmentpathways as well; otherwise, why would R7 need both
of either R7s or outer photoreceptors, depending uponRTKs? For example, perhaps in the outer photorecep-
the developmental stage of the cells (Figures 5A andtors DER activates an R7-inhibitory pathway as well as
5B). The source of the extra outer photoreceptors is thethe MAP kinase pathway. To examine this issue, I de-
same for both receptors: transformation into photore-cided to test whether DER and Sevenless are fully inter-
changeable. ceptors of the “mystery cells” (early members of the
EGF Receptor in the Fly Eye
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occur. In sevenless2 flies, the expression of torDDER
rescues R7s; these R7s are identified by their size and
position in the adult eye and by the expression of an
R7-specific marker in the imaginal disc (data not shown).
Sevenless and DER also have similar effects on cone
and pigment cells. Although Sevenless function is nor-
mally limited to only R7, torDSev is able to recruit addi-
tional cone and pigment cells when expressed in the
pupal retina. The same is true for torDDER (Figures 5E–
5H). These results support the notion that the two recep-
tors are fully interchangeable. They also confirm that
cone and pigment cells can be recruited by DER. As with
photoreceptor recruitment, the fate of a cell depends on
its developmental stage when the activated receptor is
expressed: a single pulse of HStorDSev during the third
instar will produce a zone of extra cone cells, preceded
by a zone of extra R7s; a pupal heat shock at 15–20
hr postpupariation will produce mainly extra primary
pigment cells and, at 25–30 hr, extra secondary and
tertiary pigment cells. These results emphasize an im-
portant point: the fate of a cell in the eye is dependent
not on the signal that triggers differentiation, but on the
time at which the signal is received.
I have also tested whether Sevenless can also replace
DER function in the wing, where the former is not nor-
mally expressed. Mutations that reduce DER function
in the wing give a characteristic loss of the L4 vein
(Clifford and Schupbach, 1989). This phenotype is res-
cued by the expression, under the control of the heat-
Figure 5. Constitutively Active DER and Sevenless Are Inter- shock promoter, of torDSev (Figures 5I and 5J). Overex-
changeable
pression of Argos, a DER inhibitor, gives a loss of vein
The effects of tor DDER and torDSev were compared in a variety of similar to DER hypomorphs (Sawamoto et al., 1994;
situations.
Schweitzer et al., 1995a), and this phenotype is also(A) Section through an eye of genotype sevd2/Y; sevHStor DDER/
rescued by activated Sevenless (data not shown). Fur-sevHStor DDER (Reichman-Fried et al., 1994), grown at 258C. Acti-
vated DER is able to replace Sevenless, as evidenced by the exis- thermore, high levels of activated Sevenless in the wing
tence of R7 cells in many ommatidia (example indicated with an produce a phenotype very like that caused by overacti-
arrow). vated DER (Elp; Figure 5J).
(B) sevHStor DDER/sevHStor DDER. Activated DER can also cause
extra outer photoreceptors; the three central ommatidia in (B) have
an extra outer photoreceptor (compare with Figure 1E).
Overexpression of Secreted Spitz Can(C) and (D) are third instar eye discs stained with anti-Elav to show
Replace the Need for Sevenlessphotoreceptors homozygous for sevHStor DDER (C) and sevHStor D-
Sev (D) (Dickson et al., 1992). In both cases, the source of ectopic The above experiments rely on chimeric versions of DER
outer photoreceptors is the recruitment as neurons of the “mystery and Sevenless, which are not activated by their normal
cells,” recognized by their characteristic position (arrows). ligands. They show that there is no intrinsic difference in
(E) and (F) show additional cone cells in sevHStor DDER and sevHS- the eye between the effects of the cytoplasmic signaling
tor DSev, respectively; the photoreceptor number is normal in each
domains of the two receptors. However, in case thecase (data not shown).
torsoD extracellular domain was somehow influencing(G) and (H) show extra primary pigment cells (marked by asterisks)
around a normal complement of pigment cells in sevHStor DDER and cytoplasmic signaling, I also tested whether the wild-
sevHStor DSev flies, respectively. type DER could be made to trigger R7 development.
(I and J) Some DER hypomorphic combinations produce a loss of sevenless2 flies that expressed secreted Spitz under the
part of the L4 wing vein, and this is suppressed by expression of
control of the sevenless enhancer were made, and aactivated Sevenless in the wing. (I) is a wing of the genotype topcj/
significant proportion of these had ommatidia with R7flb1P02, showing an L4 gap, and (J) is a wing of genotype topcj/
cells, never seen in sevenless2 alone (Figure 6). Theflb1P02;HStor DSev/1, showing rescue of the vein–gap phenotype.
Both flies were heat-shocked for 1 hr at 348C every 6 hr through proportion of rescued ommatidia depended on the level
third instar and early pupal development. This ectopic expression of secreted Spitz expression. It was also dependent on
of activated Sevenless also produces extra vein phenotypes very DER levels; it was enhanced by increasing the amount
similar to those seen in DER gain-of-function alleles, notably around
of DER (by coexpressing an HS-DER construct) or bythe distal end of L2 (arrow) and broadening, or deltas, at the distal
halving the dose of argos (a DER inhibitor); it was sup-tips of most of the veins.
pressed by halving the amount of DER (data not shown).
These interactions point to the recruitment of these Sev-
enless-independent R7s being caused by DER activa-cluster, later destined to leave and apparently rejoin the
surrounding undetermined cells; Figures 5C and 5D). In tion. Therefore, wild-type DER activated by its normal
ligand can replace Sevenless; the conclusion is thatsevenless1 flies with torDDER, multiple R7s frequently
Cell
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Figure 7. A Model of Ommatidial Development
This model is based on successive waves of recruitment by a se-
creted activating ligand of DER (Spitz) with very limited diffusion
range and a secreted inhibitor (Argos), whose expression is depen-
dent on DER activation and which has a longer range than Spitz.
Details are discussed in the text. The three main recruitment stages
are shown.
(A) Recruitment of photoreceptors by Spitz emanating from R8, R2,
and R5; mystery cells (m), cone cells (cc), and pigment cells (pc)
are blocked by Argos.
Figure 6. Expression of Secreted Spitz Overcomes the Need for (B) Recruitment of cone cells; pigment cells are blocked by Argos.
Sevenless (C) Recruitment of pigment cells. The diagram has been simplified
sevd2 flies have no R7 cells (A, compare with Figure 1E), but flies by showing all pigment cells being recruited together. In fact, the
also expressing secreted Spitz in the eye (genotype sev d2/Y; sev- primaries form a concentric ring betweenthe cone cells and second-
sSpi5/1) have cells with the morphology and position of R7s in ary/tertiary pigment cells (see Figure 2A) and are recruited in an
about a third of ommatidia (B, see arrows). The identity of these earlier wave than the secondaries and tertiaries.
cells as R7s is supported by their expression in the third instar eye
disc of an R7-specific enhancer trap, XA12 (van Vactor et al., 1991);
(C) is the XA12 staining pattern in a wild-type disc; sevd2 discs do that its regulation must be precise. Indeed, it is con-
not express XA12 (data not shown). (D) shows a disc of genotype trolled at several levels: by transcription, by presentation
sev d2/Y;sev-sSpi5/1;XA12/1; XA12-positive cells can be seen in
and processing of its activating ligand, Spitz, and byseveral ommatidia. In (C) and (D), the morphogenetic furrow is to
the use of an inhibitory protein, Argos (Zak and Shilo,the left, and they both show a region from the posterior of the disc.
1992; Ruohola-Baker et al., 1993; Sturtevant et al., 1993;
Kolodkin et al., 1994; Sturtevant et al., 1994; Schweitzer
et al., 1995a; Schweitzer et al., 1995b). Argos affectsthere are no significant differences in the intracellular
effects of activation of these two RTKs, even in the R7 photoreceptor, cone, and pigment cells similarly (Free-
man et al., 1992b; Freeman, 1994a), implying that it regu-cell, where both receptors are required.
lates all the successive waves of recruitment. My results
and this intricate regulation of DER lead to a new modelDiscussion
of ommatidial recruitment that expands the current view
to include all cells.These experiments show that DER is a key receptor
needed for the recruitment of each class of cell in the
ommatidium. They reveal some of the logic that allows A Model of Eye Development
This model builds on several observations. First, Spitzseveral cell types to bedetermined by only one signaling
pathway. Perhaps most striking is the use of reiterated activation of DER can trigger all the cell types in the
ommatidium, the choice of fate being dependent onwaves of the same inductive signal to recruit first one
cell type (photoreceptor neurons), then, successively, when the activation occurs. Second, Argos is an extra-
cellular inhibitor of DER activation (Schweitzer et al.,the cone cells and primary, secondary, and tertiary pig-
ment cells. I also show that photoreceptor R7 requires 1995a). Third, the expression of Argos is dependent on
DER activation, establishing a negative feedback looptwo different RTKs, Sevenless and DER, a view sup-
ported by the lack of R7s seen in DER2 clones (Xu and (Golembo et al., 1996). Fourth, Argos can diffuse further
than Spitz (Freeman et al., 1992b; Freeman, 1994b).Rubin, 1993); furthermore, these two receptors can fully
substitute for one another. These results all imply that Fifth, the successive waves of induction of each cell
type (photoreceptors, cone cells, primary pigment cells,in the developing ommatidium there is no specificity
built into the inductive signal, even for the neuronal and secondary/tertiary pigment cells) occur in concen-
tric rings around the ommatidium; each cluster resem-versus nonneuronal decision, and that the actual fates
adopted by cells must be programmed by other mecha- bles a bullseye.
I propose (Figure 7A) that active Spitz is initially pro-nisms.
The EGF receptor in vertebratesacts in many develop- duced by the three central cells R8, R2, and R5 and that
this then recruits the immediately neighboring cells asmental decisions (Sibilia and Wagner, 1995; Threadgill
et al., 1995). Similarly, DER has the potential to trigger photoreceptors (R3, R4, R1, R6, and R7). In R7, the
later activation of Sevenless by its ligand, Boss, is alsothe development of many cell types in the eye, implying
EGF Receptor in the Fly Eye
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required. As cells differentiate, they express Argos, on the time of recruitment. It is already known that acti-
vated Sevenless can produce photoreceptors other thanwhich diffuses outwards, preventing more distal cells
from responding to Spitz; Argos is unable to block cells R7 (Dickson etal., 1992). My results show that the activa-
tion of DER leads to the recruitment of cone and pigmentthat have already started to differentiate or cells that
are exposed to a high level of Spitz. Later (Figure 7B), cells as well as all photoreceptors, implying that recruit-
ment by DER is uncoupled from the choice of fate. Itmore cells start to produce Spitz, overcoming Argos
inhibition in the nearest cells. This allows the next con- has been proposed that a “prepattern” exists, which
is responsible for the fate that photoreceptors adoptcentric ring of cells around the photoreceptors to be
recruited, but now as a different cell type, cone cells (Dickson et al., 1992). My work extends that idea; all the
cells in the eye must know their potential fate when they(see below). Again, Argos prevents more remote cells
from responding by diffusing beyond the cone cells (now are recruited by Spitz activation of DER. This is well
illustrated by considering the presumptive cone cells,themselves producing it). Later still (Figure 7C), I assume
the Spitz source expands again, now recruiting the pig- in which early activation of the Ras pathway causes
them to be misdetermined as ectopic R7s (for example,ment cells.
In accord with this model, it has been found that Spitz Basler et al., 1991; Dickson et al., 1992; Fortini et al.,
1992; Gaul et al., 1992; Rogge et al., 1992; Brunner etis required by all photoreceptors but only needs to be
produced by R8, R2, and R5 (Freeman, 1994b; Tio et al., 1994). It is now clear that activation of the same
pathway only a little later causes these same cells toal., 1994). Moreover, there is some evidence for the idea
that the Spitz source is initially limited to R8, R2, and become cone cells instead. Therefore, something in the
cells has changed in that short interval (probably onlyR5 but later expands. Star and Rhomboid are two trans-
membrane proteins that are involved in DER activa- 2–4 hr). It will be important to discover what these
changes are (presumably, the transcription factorstion, and they may act by regulating Spitz cleavage
(Schweitzer et al., 1995b). Their expression in the eye ready to be activated) and what signal is responsible
for their alteration. A similar change of state, probablyis limited to R8, R2, and R5 throughout the time that
photoreceptors are recruited but later expands to in- in response to signals from already determined cells,
may be used to specify each successive cell type trig-clude more ommatidial cells (Freeman et al., 1992a; He-
berlein et al., 1993; Kolodkin et al., 1994). It is not known gered by DER. Indeed, there are several proteins that are
good candidates for transcription factors that specifyif DER is needed for R8 determination, which, unlike the
other photoreceptors, is dependent upon the proneural photoreceptor subtype (for review see Zipursky and Ru-
bin, 1994).gene atonal (Jarman et al., 1994). Since R8 is the first
cell to form in each ommatidium, it obviously cannot be In rat PC12 cells, differences in duration of Ras path-
way activation may lead to different fate choices; how-recruited by an earlier developing photoreceptor.
ever, this mechanism appears not to apply in the omma-
tidium. PC12 cells express two RTKs, TrkA and the EGF
Remote Inhibition by Argos receptor, bothof which activate the Ras pathway. Stimu-
There is a negative feedback loop mediated by Argos lation of TrkA causes the cells to differentiate into neu-
and DER in the ventral ectoderm of the developing em- rons, whereas EGF receptor stimulation causes prolifer-
bryo (Golembo et al., 1996), and the same kind of repres- ation (for review see Marshall, 1995). TrkA activation
sion is used to block remote cells from responding to leads to sustained activity of the pathway and transloca-
Spitz induction in the eye. This “remote inhibition” of tion of MAP kinase into the nucleus; conversely, EGF
cells at a distance of several cell diametersdistinguishes causes a short burst of signaling and no MAP kinase
it from lateral inhibition involving Notch, in which only translocation (Gotoh et al., 1990; Qiu and Green, 1991;
cells abutting the inhibitory source are repressed (for Traverse et al., 1992). By analogy, a short activation of
review see Simpson, 1990). This distinction is caused DER by Spitz could produce an outer photoreceptor
by Argos being diffusible, whereas Delta, the ligand of and a prolonged activation of Sevenless by membrane-
Notch in lateral inhibition, is a transmembrane protein associated Boss, an R7. However, I find that outer pho-
(Va¨ssin et al., 1987; Kopczynski et al., 1988). Another toreceptors can also be triggered by sustained activa-
way of viewing the ideaof remote inhibition is to consider tion of DER or Sevenless and that R7s can be produced
what would happen in the absence of Argos; the Spitz by Spitz-activated or constitutively activated DER or
concentration would slowly increase around each om- Sevenless. This argues that the strength of RTK signal-
matidium, leading to recruitment of too many cells. This ing does not regulate the choice of fate of a cell in
is exactly what is seen in argos2 mutants and is most the eye.
extreme in cone cells near the posterior, that is, earliest The R7 photoreceptor is the only known case of a
developing, part of the eye (Freeman et al., 1992b). This single cell type requiring two distinct RTKs for its differ-
is telling, since these cells have to “mark time” before entiation. This double requirement might imply that there
is a difference in the downstream effects of these twothe next wave of recruitment, primary pigment cells, for
pathways in the eye, despite indications to the contrarylonger than those in more anterior clusters, so that there
in other tissues. My results show that this is not theis more time for Spitz to accumulate around them.
case. Of course, subtle differences cannot be ruled out
(for instance, Sevenless appeared generallymore potent
How Might Cell-Type Specificity Arise? than DER in most of the tests), but no evidence was
The model does not explain how the specific fate of a found for responses specific to either receptor. A model
that could explain the need of R7 for both receptors iscell is chosen, other than to emphasize its dependence
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